Abstract. The rate of ion outflow from the polar ionosphere is known to vary by orders of magnitude, depending on the geomagnetic activity. However, the upper limit of the outflow rate during the largest geomagnetic storms is not well constrained due to poor spatial coverage during storm events. In this paper, we analyse six major geomagnetic storms between 2001 and 2004 using Cluster data. The six major storms fulfil the criteria of Dst < −100 nT or Kp > 7+. Since the shape of the magnetospheric regions (plasma mantle, lobe and inner magnetosphere) are distorted during large magnetic storms, we use both plasma beta (β) and ion characteristics to define a spatial box where the upward O + flux scaled to an ionospheric reference altitude for the extreme event is observed. The relative enhancement of the scaled outflow in the spatial boxes as compared to the data from the full year when the storm occurred is estimated. Only O + data were used because H + may have a solar wind origin. The storm time data for most cases showed up as a clearly distinguishable separate peak in the distribution toward the largest fluxes observed. The relative enhancement in the outflow region during storm time is 1 to 2 orders of magnitude higher compared to less disturbed time. The largest relative scaled outflow enhancement is 83 (7 November 2004) and the highest scaled O + outflow observed is 2 × 10 14 m −2 s −1 (29 October 2003).
Introduction
The young sun appears to have been much more active; flares were more frequent and the solar wind was more powerful and had stronger high-energy emissions (Ribas et al., 2005) . Thus, current geomagnetic storms can be considered as a proxy for the normal conditions of the past (Krauss et al., 2012) . Therefore, studies of outflow for extreme events have implications outside direct space weather effects. Indeed, the ion outflow under current major geomagnetic storms could have been the normal rate of ion outflow in the past (young sun), so ion outflow during storms may be especially important to understand atmospheric evolution on a geological timescale. Slapak et al. (2017) roughly estimated the escape rate in the past. The authors extrapolated their result on the O + escape rate in the plasma mantle and dayside magnetosheath to the past and obtained a total O + loss of about 40 % of today's total oxygen mass in the atmosphere. Ion outflow and escape from the polar ionosphere play a key role in magnetospheric dynamics and atmospherical evolution and have been the subject of numerous studies; see, e.g., Kronberg et al. (2014) and references therein. However, there is a lack of studies on escaping ions during extreme geomagnetic conditions. This study presents observations of outflowing ions during major geomagnetic storms and discusses them in terms of relative enhancements because there is not enough data to fully quantify the escape.
The regions of open magnetic field lines, which include the cusp, the polar cap and the plasma mantle, are the main pathways for ion outflow leading to escape . The cusp is the dayside region of recently opened magnetic field lines where the solar wind has the most direct entry to the magnetosphere. The plasma mantle is the high-altitude region downstream of the cusp, dominated by solar wind ions that have been reflected by the mirror force of the earth's magnetic field, streaming outward and tailward. The polar cap is the whole region of open magnetic field lines mapping mainly to the magnetotail lobes. Ion outflow occurs from all of these regions, but the oxygen outflow from the cusp and mantle is most intense and also most likely to escape into interplanetary space Slapak et al., 2013) .
A dependency on magnetospheric conditions and interplanetary magnetic field (IMF) has been established for outflowing ions in the altitude range of 1.3 to 2.0 R E (Yau et al., 1988) . Yau et al. (1988) showed that upflow increase exponentially with geomagnetic activity as measured by the Kp index. A Kp increased from 0 to 6 led to a factor of 20 increase in O + outflow and a factor of 4 increase in H + outflow in their covered energy range of 0.01 to 17 keV. What the fate of these outflowing ions will be and where they will end up is not clear because of the relatively low altitude of these observations. Slapak et al. (2017) carried out a similar study of Kp dependence based on high-altitude Cluster spacecraft data, trying to estimate the total atmospheric escape by looking at the plasma mantle and the magnetosheath. The authors estimate the contribution from the plasma mantle as 3.9 × 10 24 exp(0.45 Kp) s −1 . They could not obtain a direct escape estimation for the most extreme geomagnetic conditions because of a lack of statistics.
Their study only concerned O + , as it is more challenging to distinguish the ionospheric origin of H + from solar wind in the plasma mantle. The same is true of our study, and we will therefore only discuss O + outflow.
During geomagnetic storms, the solar wind speed and density are higher than usual. The solar wind is mainly composed of H + and thus most of the oxygen ions observed in the magnetosphere originate from the ionosphere (Shelley et al., 1982; Chappell et al., 1987) . As discussed above, the outflow of both O + and H + increases with geomagnetic activity. Kistler et al. (2010) showed that the density of the oxygen ions in the cusp increases by a factor of 10 before or during the early main phase of a storm. This result was corroborated by Liao et al. (2010) , who found that the occurrence frequency of O + observations in the lobes increases during the storm main phase. Liao et al. (2015) discussed the influence of the geomagnetic activity on the velocity increase in O + as it is transported from the cusp to the tail lobe. The authors found that from the cusp to the polar cap and to the tail lobes, the acceleration of oxygen ions is not significant. However, during storm time, accelerated O + was observed in the cusp. Nilsson et al. (2012) showed consistent results with a little acceleration in the polar cap and lobes but significant heating and subsequent acceleration in the cusp and plasma mantle. They did however not divide their data according to geomagnetic activity.
Plasma in the tail lobes typically ends up in the plasma sheet. An enhancement of the oxygen ions density and pressure in the plasma sheet has been observed for disturbed geomagnetic conditions . Li et al. (2012) investigated the sources for magnetospheric cold ions and the change in the outflow rate during geomagnetic disturbances (Dst < −20 nT). They found that cold-ion outflow was higher during disturbed magnetospheric conditions, consistent with the findings of Haaland et al. (2012) . They also showed that the polar cap area is extended for disturbed times. These studies show how outflow is increased and also show the transport to the plasma sheet. The question is how much of these flowing ions will escape into interplanetary space during geomagnetic storms. Haaland et al. (2015) studied the cold ions during two geomagnetic storms. The authors calculated the characteristic outflow parameters, and they found that the density and bulk outflow velocity vary with the storm intensity. They estimated the cold-ion outflow rate to vary by 1 order of magnitude between disturbed and quiet magnetospheric conditions.
Without taking geomagnetic activity into account, the amount of escaping ions has been discussed in a number of studies. Seki et al. (2001) discussed outflow and return flow in the plasma sheet. They observed less and less O + outflow with tail distance, covering distances from 0 to 210 R E and suggested that this was because of transport to the plasma sheet. The authors mentioned two transport processes leading to ion escape through the plasma sheet: a plasmoid that is formed by a tailward injection of a helical magnetic field structure and the transport of ions coming from the lobe or plasma mantle region to the distant neutral line. Other studies have shown that ion heating and acceleration in the cusp and mantle instead lead to escape into the magnetosheath for these ions (Nilsson et al., 2006 Nilsson, 2011; Slapak et al., 2013) . A statistical study on O + flux from Slapak et al. (2013) estimated the total escape flux observed in the dayside magnetosheath to be ∼ 7 × 10 24 s −1 . Nilsson (2011) similarly estimated the escaping flux in the cusp and plasma mantle to be of the order of 10 25 s −1 . Low-energy ions which flow out from the polar cap are called polar wind and were first discussed by Axford (1968) . Moore et al. (1997) studied polar wind at high altitude, and, with POLAR spacecraft, they observed the acceleration of the polar wind through the lobes supplying the plasma sheet. They also found that supersonic ionospheric outflow travelling along the local magnetic field lines fills the lobe region, which was believed to be empty of plasma. Studies by Engwall et al. (2006) and Haaland et al. (2012) studied cold plasma and found that around 10 25 ions s −1 of the outflowing cold ions are lost to the solar wind. A study by Nilsson et al. (2010) indicated that these cold ions are made up of protons and not oxygen. Moreover, geomagnetic disturbances lead to significant enhancement of the outflow but also strong convection towards the plasma sheet (Haaland et al., , 2015 . This paper studies the relative outflow enhancement of O + for six case studies of major geomagnetic storms between 2001 and 2004. In Sect. 2, a brief description of the Clus-ter mission and the instruments used is given. Section 3 describes the methodology and how the data set was chosen. Thereafter, the observations on the oxygen ion outflow during the six storms are presented in Sect. 4. Finally, in Sects. 5 and 6, we discuss the results and summarize the paper.
Instrument and data analysis
The Cluster mission ) consists of four identical spacecraft flying in tetrahedral formation in an elliptical polar orbit. In this study, data from the Cluster Ion Spectrometer (CIS) instrument are used. The COmposition DIstribution Function (CODIF) is part of the CIS instrument and uses a time-of-flight technique that enables us to distinguish between H + , He 2+ , He + and O + in terms of mass per charge (see Rème et al., 2001) . During major events, intense H + fluxes may contaminate other mass channels. To remove such data, a method described by Nilsson et al. (2006) is applied. Finally, the fluxgate magnetometer (FGM) provides the magnetic field data (see Balogh et al., 2001 ).
Data set and methodology
The data set consists of Cluster data from 2001 to 2004. During these years, several geomagnetic storms occurred, of which six were major geomagnetic storms. Our major geomagnetic storms are defined by Dst ≤ −100 nT or Kp ≥ 7+ according to Zhang et al. (2007) . Furthermore, the six chosen storms occurred during months which have a higher occurrence rate for geomagnetic storms, namely April-May and October-November (Zhang et al., 2007; Kamide et al., 1998) . In the following sections, we define outflow as local flux with a net outward flux. In order to study changes in the outflow from the ionosphere, we use the upward O + flux scaled to an ionospheric altitude to compensate for altitude dependencies and magnetospheric compressions. We will in the following text term this "scaled outflow". The local flux can be mapped to an ionospheric altitude by considering an ionospheric magnetic field strength of 50 000 nT and assuming the total flux to be conserved along a magnetic flux tube. For each event, the scaled oxygen ion outflow is investigated and compared to the average scaled outflow during 1 year (the year of the storm). During these events, we do not have data from all the spacecraft and the available data are not necessarily crossing the regions of main ion outflow so that the spatial coverage of the extreme storm events is poor. We try to overcome this by looking at the relative change in the scaled outflow in the region where suitable Cluster observations were made.
Spectrograms and the magnetic fields related to the extreme storms are plotted to define the duration of the event and remove regions of closed magnetic field lines. Spectrograms and magnetic field are investigated for spacecraft 1 (SC1), SC3 and SC4 to identify the spacecraft with the best data set for each storm and see if O + fluxes are visible during the storms (more detail in Sect. 3.1). Once the duration of the event has been determined, we define a spatial region corresponding to the storm event. This spatial region corresponding to the storm event is defined as a box which covers the spacecraft trajectory during the duration of our event. Our observations were made in the high-altitude polar cap and plasma mantle, where the plasma beta (β) value, i.e. the ratio of the plasma pressure over the magnetic pressure, varies. Thus, we investigate the plasma beta for our events, as it could represent outflow in different regions within the spatial boxes. The plasma beta in the polar cap is considerably smaller than in the magnetosheath (β ≈ 1). In addition, inside the magnetosphere, the plasma beta helps to distinguish the cusp and plasma mantle (β > 0.1) from the polar cap (β < 0.1) regions. The spatial distribution of the plasma beta in our region of interests is shown and discussed in the next section where we use a sample case to illustrate the method in more details. Therefore, to identify the regions included in our spatial box, for each storm, the plasma beta, O + and H + fluxes along the trajectory of the selected spacecraft are investigated. In practice the plasma beta during the event was selected to be lower than β < 0.1, as there were very few data from the cusp and plasma mantle region (β > 0.1). We then check that the plasma beta of the event does not stand out from the plasma beta observed in the same box for all data obtained during the year of the storm. Finally, the scaled oxygen ion outflow in this spatial box is represented in histograms for 1 year of data and for the major storm itself. This is done for each extreme event separately. In the next section, one of the storms, the Halloween event on 29 October 2003, is used to illustrate the steps of the method in more detail.
Sample event
The steps of the method are described in more detail using the 29 October 2003 part of the Halloween storm as an example. The first step of the method is to look at the magnetic field and the energy and pitch-angle spectrograms of O + and H + respectively. Note that part of the apparent O + fluxes seen during the inbound leg are due to the crosstalk from intense fluxes of protons. These periods are not included in our data set. In the po- To summarize, this identification is based on the pitch-angle data showing field-aligned flow and the presence of O + ions, the magnetic field being weak but quite stable and then also using the location of the spacecraft in the general polar cap-cuspplasma mantle regions. In Fig. 1c , the first dashed black box indicates a region in the SH where intense fluxes of H + at several kilo-electronvolts energy are observed. We interpret these data as magnetosheath data and the variation between high and low energies in H + as flapping motions of the magnetopause. Such magnetosheath data are removed by our algorithm, which removes O + data significantly contaminated by crosstalk from intense proton fluxes (see Nilsson et al., 2006 , for more detail). The periods of data included in our data set are shown with red lines (panel (b)). Figure 2 shows the second step of the method. As briefly mentioned at the beginning of Sect. 3, the plasma beta is used to distinguish between the different magnetospheric regions. Therefore, the plasma beta and the oxygen ion flux is computed along the entire spacecraft trajectory during the event. Fig. 2a shows the plasma beta along Cluster SC4 trajectory in the XZ GSM and XY GSM planes respectively. Fig. 2b shows the corresponding oxygen ion flux. The colour scales represent the logarithmic values of the plasma beta and the oxygen ion flux respectively. Black arrows illustrate the direction of the spacecraft motion, starting at 08:30 and ending at 20:00 UT. In addition, the magnetopause is represented by a dashed black line in all panels and is a prediction obtained from the model of Shue et al. (1998) for the solar conditions at around 11:00 UT. The entry and exit time (08:30 and 11:30 UT for the SH and 15:15 and 20:00 UT for the NH, defined in Fig. 1 ) in the region of interest is converted to spacecraft positions in geocentric solar magnetospheric (GSM) coordinates. These positions are plotted and give a spatial box for the region of outflow during the event. Then, we inspect whether the spatial box defined by the positions converted from the entry and exit time ( Fig. 1 ) corresponds to plasma beta lower than 0.1 in Fig. 2 . The final spatial box is sometimes slightly adjusted to give a plasma beta within the range < 0.1 along the trajectory. The spatial boxes for the Halloween event obtained in this way are illustrated by red and orange rectangles for the NH and SH respectively. The third step is to perform statistics over 1 year of data in the spatial boxes defined by the storm. First, we check that, in terms of plasma beta, the geomagnetic storm does not stand out from the average for the year for the spatial region and that the plasma beta is in the same range (less than 0.1) in our spatial box during the year. Figure 3 illustrates the average distribution of β in cylindrical coordinates for 2003, storms included, and for the regions of the magnetosphere that we investigate in this study. The cylindrical coordinates are used so that Fig. 3 can be directly compared to that of Nilsson et al. (2012, their Fig. 1 ). In Fig. 3 , we see that the plasma beta is low in the polar cap region and increases with altitude. The average magnetopause for 2003 is predicted from the model of Shue et al. (1998) and the red region or log 10 (β) > 0.1 corresponds to the cusp and plasma mantle. Comparing with the results of Nilsson et al. (2012, their Fig. 1) , we see that the plasma beta increases with altitude, as does the scaled ionospheric flux. Note that in their Fig. 1 , sampling is not along a given magnetic field line; therefore, the scaled ionospheric flux is not conserved with altitude. Thus, for this region of geospace, a region of similar β typically corresponds to similar outflow along a similar flight trajectory from the source (cusp or polar cap). This can be further investigated using Fig. 4 , where we present the distribution of the scaled oxygen ion outflow for each interval of plasma beta during 2003 (storm included) in (a). The colour scale represents the percentage of the scaled O + outflow for each interval of β.
The columns are normalized so that the sum of all data in a column equals 100 %, and the colour scale is in per cent. Figure 4 shows a linear relation between the scaled O + outflow and the plasma beta, where lower β corresponds to the polar cap and higher β (above 0.1) to the plasma mantle and cusp. Spatial boxes with a similar plasma beta range thus corresponds to a region with, on average, comparable outflow from the ionosphere. Furthermore, the linear relationship means that if the scaled outflow for the extreme event stands out significantly from the year's average but β does not, then we can say with confidence that the enhanced scaled outflow is not because we are sampling an entirely different region. The plasma beta can be expected to increase to some extent for the extreme event because the plasma density and temperature are higher than on average. Note that β is calculated at the observation point, so the scaling of the ion flux to ionospheric altitude does not affect the plasma beta calculation. This particular relation between plasma beta and scaled oxygen ion outflow is valid for our Cluster data set in our sampling region; it is not necessarily true for the magnetosphere as a whole. Panel (b) shows the number of data points contributing to the corresponding column in (a). After verifying the plasma beta range (less than 0.1, so corresponding to the polar cap for all our cases) within the box for the extreme event and during the year, the average oxygen ion outflow during the year 2003 (including the storm) is computed and projected in 2-D (not shown). We check whether the major geomagnetic storm stands out from the less disturbed conditions and if there is an enhancement in O + . Finally, to visualize and estimate the enhancement, the oxygen ion outflow, scaled to an ionospheric reference level, is plotted using histograms separating the O + storm population from the entire O + population during the year of the storm. This final step is shown in more detail in Sect. 4 together with the other major storms considered in this study.
Observations
The relative enhancement of oxygen ion is investigated during six separate intense geomagnetic storms between 2001 and 2004. Three storms were observed around April-May, months with a high occurrence rate for geomagnetic storms (Zhang et al., 2007) Table 1 . The six storms are listed in chronological order, numbered 1 to 6. We determine the storm dates according to the position of the Cluster spacecraft at the dayside. The duration of each passage and the spacecraft used are given by the second and third row respectively. The Dst and Kp indices are two different indices, which describe the intensity of a geomagnetic storm and the magnetospheric conditions respectively. However, Dst is an hourly index while Kp is a 3 h index. The PC index gives the enhancement in the polar cap. Table 1 gives the minimum Dst index, the highest Kp, the PC index, and the solar wind speed and density for the corresponding day. Finally, the average values for the event and the year as well as the mean ratio event / year of the solar radio flux at the wavelength of 10.7 cm (or F10.7 index; this index is a proxy for solar extreme ultraviolet flux) are calculated.
Section 3 describes how the outflow regions are defined, and in Fig. 5 , we present the spatial boxes corresponding to all events in this study. Axes are in R E in the GSM coordinates system and the Earth is represented in the middle of the panels. The numbers 1 to 6 and the associated boxes in Fig. 5 correspond to the numbering of the events in Table 1 . The dark and light green rectangles correspond to the April-May storms, where each storm is shown as dot-dashed, dashed or solid lines, numbered 1 to 3, whereas the red and orange rectangles correspond to the October-November storms, also defined by dot-dashed, dashed or solid lines and numbered 4 to 6. Therefore, lines, numbers and colours together define one particular outflow region (in NH or SH) for one of the six geomagnetic storms.
The scaled oxygen ion outflow during the extreme events is estimated in the spatial boxes (see Fig. 5 ). Figure 6 shows histograms of 1 year of scaled O + outflow in these boxes for each considered storm event in the Northern Hemisphere. The x and y axes correspond to the logarithmic values of the oxygen ion outflow scaled to the ionosphere and the number of data points respectively. The data covering the whole year of the storm are represented by blue bars, while the yellow bars correspond to the storm itself. In November 2004, several geomagnetic storms occurred in a short period. Hence, the middle and right panels in row (b) display two storms: 7 November (in yellow) and 10 November 2004 (in white and red). A common feature of all the events is an enhancement in the scaled oxygen ion outflow during the storms compared to the background data. In the same way, the scaled O + outflow is shown for the SH in Fig. 7 , where enhancements in the scaled O + outflow for the storm are clearly visible as a separate peak in the distribution toward the largest fluxes observed.
The relative scaled O + outflow enhancements during the storms compared to less disturbed conditions can readily be obtained from Figs. 6 and 7 and are presented in Table 1 . The median and mean taken from the histograms in Figs. 6 and 7 are listed as well as the ratio between the event mean/median and the year mean/median, which gives the relative enhancement. The median and mean values are expressed in m −2 s −1 . Due to different boxes used for different events, the estimated scaled O + outflow during the same year is not identical for different events. The last row displays the highest scaled O + outflow for each extreme event, with a minimum of 10 data points in the bin (Figs. 6 and 7) .
Discussion

Geomagnetic activity
The main purpose of this study is to quantify the relative enhancement of the scaled O + outflow during major geomagnetic storms. Figures 6 and 7 present the upward O + flux scaled to an ionospheric altitude for six major geomagnetic storms and the year when they occurred. This scaled O + outflow is calculated in a spatial box which is defined by the spacecraft trajectory (position) during the storm. Note that we also observe plasma-sheet-like earthward return flux for two cases. Our boxes therefore contain a small fraction of plasma observed on closed field magnetic lines, for example due to tail flapping. These data are removed from our data set since we are only considering outflow.
The magnetosphere may be compressed during storms, so that observations during storms may be closer to the magnetopause. On the other hand, the cusp and plasma mantle also moves equatorward (Newell et al., 1989; Newell and Meng, 1994) , and therefore our observations are in the polar cap further from the storm main outflow region. As a consequence, during storm time, the polar cap area is extended 2 or 3 times more than during quiet conditions . Consequently, the spatial box might represent another region during the year when the storm occurred rather than the outflow region defined for the storm. This issue was dealt with in two ways. We demanded that the local plasma beta range was similar for the extreme event and the average for the whole year. We also compared the scaled ionospheric flux, thus compensating for any effect of a direct local compression of the magnetic field, which would enhance the local flux. This combined with the fact that the ionospheric source region, the polar cap, is much larger during a storm strongly indicates that the enhanced scaled flux during the storm corresponds to increased scaled outflow in the spatial box we study.
To look at this in more detail, we refer again to Figs. 3 and 4. These figures show how the scaled O + outflow changes for different plasma beta, where β < 0.1 usually corresponds to the polar cap regions while higher β represents typically the cusp and plasma mantle. The scaled O + outflow as a function of the plasma beta parameter displays roughly a linear relation (Fig. 4) , showing that when averaged over all conditions, we have a rather smooth variation of scaled outflow as function of plasma beta and more scaled outflow in the cusp and mantle as known from previous studies, e.g. Nilsson et al. (2012) . If the magnetosphere was strongly compressed so that the spatial box was located in the polar cap for the average conditions (year) but in the plasma mantle and cusp for the extreme event, then we could expect that the plasma beta of the extreme event would stand out compared to the average conditions during the year in a similar way that the scaled O + outflow for the extreme event stands out. If instead the expansion of the polar cap is more important, then the extreme event is located further into the polar cap, away from the main outflow channel, the cusp and plasma mantle. In such a case we may not see a strong difference in the plasma beta, but the scaled outflow enhancement observed would be even more significant and our observations would be an underestimation of the actual enhancement. For exam- ple, the year of our most extreme geomagnetic storm, the Halloween storm, has a scaled O + outflow of approximately 10 11 m −2 s −1 (see Table 1 ), typical for the polar cap (see also Nilsson et al., 2013 , for typical fluxes in different regions). There was an insignificant amount of data points in the cusp and plasma mantle (β > 0.1) also for the storms; therefore, the amount of data that could be located outside the intended magnetospheric region does not affect the statistics.
In Table 1 , the scaled O + outflow during geomagnetic storms ranges between 3.5 × 10 11 and 2.1 × 10 13 m −2 s −1 , which is related to the intensity of the storm and subsequently with the Kp and F10.7 index (discussed below). We have estimated the average scaled O + outflow in the open field line region to be 10 12 m −2 s −1 during storm time. Our results are consistent with previous observations made by Kitamura et al. (2010) , who determined the average of cold oxygen ion fluxes in the polar cap during two major geomagnetic storms (30 March and 17 April 1990) . They obtained 2.1 × 10 13 m −2 s −1 for the first event and between 4 × 10 12 − 4 × 10 13 m −2 s −1 for 17 April 1990. However, the scaled O + outflow that we estimate is not considerably higher than during less disturbed conditions. Indeed, Nilsson et al. (2012) found that the oxygen ion flux at a high cusp altitude is 5 × 10 12 m −2 s −1 , and Lennartsson et al. (2004) observed O + flux in the cusp regions of approximately 10 12 m −2 s −1 above 65
• invariant latitude. However, we observe significant relative scaled outflow enhancements from a factor of 3 to 83 (or 0.5 to approximately 2 orders of magnitude) in Figs. 6 and 7. This considerable difference is associated with the geomagnetic indices Kp given in Table 1. The mean ratio of the F10.7 index between the event and the corresponding year is up to about 2 times larger than usual for geomagnetic storms with Kp > 8. The index has no discernible trend on a 1-year scale, so that the ratios vary Table 1 . Features of the six major geomagnetic storms. Each column corresponds to one storm, while each row corresponds to one feature. The storms are given in chronological order, with one number assigned for each storm. The duration (in UT) is the time taken to study the storm during Cluster passage at the dayside. The second row gives the spacecraft used for each event. Dst, Kp, the PC index, and solar wind (SW) speed and density are the highest values taking during the corresponding day. The average values for the event and the year and the mean ratio event / year of the F10.7 index are calculated. The year / event mean or median are calculated from the histograms shown in Figs. 6 and 7 respectively in the Northern and Southern Hemispheres (NH and SH). The mean and median are expressed in m −2 s −1 . in a small range. Therefore, it appears that the varying solar cycle trend over the year does not affect our results. One of the strongest storms, the Halloween event (number 4 in Table 1 ), has the highest scaled O + outflow (SH), Kp and F10.7 index. This strongest enhancement in scaled O + outflow for the storm is approximately 2 orders of magnitude higher than during less disturbed magnetospheric conditions. In addition, the Halloween storm occurred near the solar maximum where increased oxygen flux has been observed in the past (Yau and Andre, 1997) . This result is consistent with Yau et al. (1988) , who showed a Kp dependence on the O + flux at lower altitudes, and with Slapak et al. (2017) , who studied the oxygen ion escape from the plasma mantle and cusp and its dependence on the geomagnetic activity. Slapak et al. (2017) found that in the plasma mantle and the dayside magnetosheath, the scaled O + outflow increases exponentially as exp(0.45Kp). In the plasma mantle, they observed an increase of 1.5 orders of magnitude for the scaled oxygen ion outflow between average conditions (Kp ≈ 3) and highest geomagnetic activities. In comparison with Slapak et al. (2017, their Fig. 4) , who show the distribution of O + observations over Kp for the plasma mantle and the dayside magnetosheath, we estimate a lower scaled O + outflow, which is reasonable because our region of observations is in the polar cap. We also note that due to the Cluster orbit, suitable data are not always obtained from the period of highest geomagnetic activity for each storm. Similar enhancements in the O + density with geomagnetic activity in the near-Earth tail plasma sheet have been reported by Lennartsson and Shelley (1986) , Mouikis et al. (2010) , and Maggiolo and Kistler (2014) . Unfortunately, we were not able to confirm that this scaled outflow enhancement is escaping because our observations are made in the polar cap and the average velocities do not confirm a clear O + escape tendency. However, this result of a scaled outflow enhancement during major geomagnetic storms shows that there is a strong relative enhancement in the regions where we have Cluster observations. Slapak et al. (2017) used the Halloween event Kp index as a reference to estimate the total O + loss over 4 billion years. Their result gives a total O + loss 1.3 times the total oxygen mass in the present atmosphere. Our patchy observations from parts of the magnetosphere are consistent with the escape value extrapolated from their data.
Most extreme case
During geomagnetic storms, the polar cap is moving equatorward, and subsequently the main outflow region moves as well compared to the average outflow region. In this paper, we are mostly not in the main outflow region of the storm. During the six events (see Table 1 ) in the NH and SH, we calculate the highest scaled O + outflow. There is a 1 order of magnitude difference between the SH and NH, which could be explained by the different relative location of the spatial boxes and the geomagnetic activity. A similar trend has been observed by Luo et al. (2017) , who studied the energetic ion distributions in the dayside magnetosphere and the plasma sheet. The authors found that there is a strong correlation between the dawn-dusk asymmetry and the IMF direction, with a higher asymmetry in the Southern Hemisphere. The highest scaled O + outflow value for the six events is 2 × 10 14 m −2 s −1 observed in the 29 October SH spatial box. This result is 2 orders of magnitude higher than what is observed during average conditions (Kp ≈ 3) (Nilsson et al., 2012); therefore, the upper limit of scaled O + outflow during the storm peak is probably more intense. The scaled O + outflow is lower in the NH than in the SH, and the upper limit in the NH is 2 × 10 13 m −2 s −1 (event number 5) for our cases.
Conclusions
Using Cluster CODIF data between 2001 and 2004, we have calculated the upward O + flux scaled to an ionospheric reference altitude for six major geomagnetic storms (Dst ≤ −100 nT or Kp ≥ 7+). The scaled O + outflow is estimated for the storms themselves and for 1 year of data (the year when the storm occurred) in the region corresponding to the storm observations in the Northern and Southern Hemispheres. The main result is a clear relative enhancement in the scaled O + outflow by a factor of 3 to 83 during storm times, indicating that the entire magnetospheric circulation increases significantly during extreme events. The upper limit for the scaled O + outflow was found in the Southern Hemisphere for 29 October 2003, with 2 × 10 14 m −2 s −1 (Halloween event). Cluster was not located in the main outflow region (the cusp and plasma mantle) during any of the investigated storms. Therefore, we are not able to estimate the total escape. However, the scaled O + outflow for the extreme events stood out from the general distribution as a bump in the tail of the distribution. Thus, there is an extreme enhancement of the scaled outflow in the regions investigated. Furthermore, the relative scaled outflow enhancements vary with the Kp index in a way that is consistent with Slapak et al. (2017) , who show the Kp dependence on escaping O + scaled outflow in the plasma mantle. Our results show a general increase in the magnetospheric scaled O + outflow of 2 orders of magnitude for the most intense geomagnetic storms and thus support the estimation of Slapak et al. (2017) of a 2 orders of magnitude increase in the total escape for highest geomagnetic activity (Kp ≥ 8). Thus, the escape during extreme events which occur only rarely can still have a significant effect on the total outflow, in particularly for ancient solar conditions when such events are expected to have been more common. Our main results can be summarized as follows:
1. we observe a clear relative scaled outflow enhancement by a factor of 3 to 83 during the major geomagnetic storms in the polar cap region;
2. the upper limit of the scaled outflow during these storms is estimated to be 2 × 10 14 m −2 s −1 (during the Halloween event SH); 3. the general increase in the magnetospheric scaled O + outflow supports the estimation of Slapak et al. (2017) of a 2 orders of magnitude increase for the total escape during extreme geomagnetic activity.
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